In MDCK cells, choline uptake, the first step in the CDP-choline pathway for the biosynthesis of choline-containing phospholipids and osmolytes, occurs via both a transport system highly specific for choline and a non-specific pathway. The specific choline carrier is present at the apical domain of cells grown on dishes and is sodium-independent. Growing the cells on a permeant support results in the preferential localization of the specific choline carrier at the basolateral domain. To characterize the relationships between the choline uptake sites and the synthesis of phosphatidylcholine, MDCK cells were incubated with [Me-$H]choline and\or [Me-"%C]choline for various times (up to 36 h) and the incorporation of label into phospholipids and watersoluble molecules was determined. For cells grown on dishes, addition of [Me-$H]choline at the apical side was followed by rapid incorporation of the label into the successive intermediates
INTRODUCTION
As in other mammalian tissues, phosphatidylcholine (PC) is the most abundant phospholipid class in the kidney, where it can account for about half of the total cellular phospholipid content [1] . Increased biosynthesis of PC is one of the earliest responses to growth signals in renal cells. During potassium depletion, acute renal failure or compensatory renal growth, the increase in PC biosynthesis precedes cellular division [2] . The major route of PC synthesis is the CDP-choline pathway [3] , which starts with phosphorylation of choline by a cytosolic choline kinase. Synthesis of CDP-choline is then catalysed by CTP : phosphocholine cytidylyltransferase, the regulatory enzyme of the CDP pathway, which is either cytosolic or bound to the cytosolic face of the endoplasmic reticulum [4, 5] . Finally, the phosphocholine moiety is transferred to diacylglycerol by the membrane-bound enzyme CDP-choline : 1,2-diacylglycerol choline phosphotransferase. Evidence suggests that, in glioma cells, there is a channelling of intermediates of PC biosynthesis, where choline kinase may be linked in a metabolon with phosphocholine cytidylyltransferase and choline phosphotransferase [6] . To what extent this compartmental organization for PC biosynthesis exists in other cell systems is a major issue to address for the understanding of the regulation of PC synthesis [7] .
Choline uptake by renal cells is the first step in the major pathway of biosynthesis of choline-containing phospholipids and osmolytes [8] [9] [10] . Choline uptake occurs in MDCK cells, as in liver and intestinal cells [11, 12] , both via a highly specific carrier system and by a non-specific pathway. The choline carrier present at the apical domain of MDCK cells grown on dishes becomes preferentially localized at the basolateral domain when cells are grown on a permeant support [13] . This makes MDCK Abbreviations used : PC, phosphatidylcholine ; P-Chol, phosphocholine ; GPC, glycerophosphocholine ; HC-3, hemicolinium-3 ; DMEM, Dulbecco's modified Eagle's medium.
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of the CDP-choline pathway. A comparable situation was found when growing the cells on a permeant support and adding the labelled choline at the basolateral side of the culture. On the other hand, radioactive choline added to the apical bath entered the CDP pathway to only a very low extent. Efflux experiments on cells loaded with choline from either the apical or the basolateral side demonstrate the existence of intracellular pools of choline. Addition of hemicholinium-3, an inhibitor of the specific choline carrier, markedly reduced the metabolism of choline taken up by the cells on the basolateral side but had no effect on that transported at the apical side. These results strongly suggest the existence of a tight connection between the entry of choline through the specific choline carrier and phosphatidylcholine synthesis in MDCK cells.
cells a very suitable model for studying the possible channelling of PC synthesis in cells. The present study was thus undertaken to characterize the relationships between the choline uptake sites and the synthesis of PC via the CDP pathway. Our results indicate that, under physiological conditions of culture, biosynthesis of choline lipids in MDCK cells occurs preferentially from choline taken up from the basolateral side of the cells. They suggest the existence of channelling between specific choline uptake and the synthesis of PC, and support the view that the CDP-choline pathway is organized as a metabolon.
EXPERIMENTAL

Materials
[methyl-$H]Choline chloride (81.8 Ci\mmol) and [methyl-"%C]choline chloride (55 mCi\mmol) were obtained from Amersham. All other biochemicals used were of the highest purity available and were obtained from regular commercial sources.
Cell culture
MDCK cells (passages 74-76) were grown to confluence on plastic dishes and on 0.4 mm-pore-size Transwell supports (Costar), in a 1 : 1 (v\v) mixture of Dulbecco's modified Eagle's medium (DMEM) (choline concentration 29 µM) and Ham's F12 medium (choline concentration 101 µM) supplemented with 10 % fetal calf serum, at 37 mC, as previously described [13] 
Radiolabelling of choline-containing lipids and water-soluble precursors
Determination of choline incorporation into lipids and watersoluble precursors was performed by incubating cells with radiolabelled choline added to the serum-free 1 : 1 DMEM\Ham mixture, which contains initially 65 µM choline (TechGen International).
Cells grown on plastic dishes
Monolayers of MDCK cells grown on plastic dishes were washed four times with serum-free medium at 37 mC prior to incubation at the same temperature in 2 ml of serum-free DMEM\Ham mixture containing 2 µCi\ml [$H]choline. Incorporation was stopped by adding 2 ml of ice-cold substrate-free medium. Monolayers were rapidly washed four times with this solution. The cells were scraped off and the lipids extracted.
Cells grown on filters
Choline incorporation by MDCK cells grown on a permeant support was measured 3-4 days after confluence was reached, in a medium identical to that used for experiments on cells attached to plastic dishes. Cells were washed four times with serum-free DMEM\Ham mixture before incubation at 37 mC with radiolabelled choline (2 µCi\ml) either at the apical (800 µl) or at the basolateral (2 ml) side of the filters. A preliminary experiment in which either 1.5 ml or 800 µl was added to the apical chamber showed no difference in the transport and incorporation of choline into the cells. For some experiments, double-labelling was performed by adding simultaneously ["%C]choline at the apical side and [$H]choline at the basolateral side of MDCK cells. After the incubation period, filters were washed four times with ice-cold substrate-free medium and removed ; the cells were scraped off with a razor blade and the lipids were extracted. The effect of hemicholinium-3 (HC-3) on choline incorporation was determined by adding 500 µM of this choline structural analogue to the incubation medium either at the apical or at the basolateral side of the culture.
Pulse-chase experiments
MDCK cells grown on filters were pulsed for 30 min with 2 µCi\ml [$H]choline in DMEM\Ham mixture, added at either the apical or the basolateral side of the cell monolayer, as described above. After the pulse period, cells were rapidly washed with DMEM\Ham and further incubated in the same medium, at 37 mC, for the chase period. After the chase, the media from the upper and lower chambers of the wells were collected, the filters were washed and removed, and the radioactivity was determined by liquid scintillation counting.
Determination of choline uptake
Choline uptake by MDCK cells was determined at 37 mC from 5 min [$H]choline uptakes (5 µCi\ml ; 65 µM) as previously described [13] .
Extraction and analysis of lipids and water-soluble compounds
Lipids were extracted using the method of Bligh and Dyer [14] , slightly modified as previously described [15] . The phase containing the lipid extracts was evapored to dryness under nitrogen and solubilized in chloroform\methanol (2 : 1, v\v). TLC was performed on a precoated silica gel thin layer plate (Whatman LK5) impregnated with boric acid using chloroform\ethanol\ water\triethylamine (30 : 35 : 6 : 35, by vol.) [16] . Individual lipid components were detected under UV light after spraying with primulin and identified by comparison with authentic standards. The spots were scraped off and the radioactivity was determined.
Radioactivity associated with choline-containing water-soluble compounds was determined as described by Sanghera and Vance [17] 
Data analysis
Results are expressed as meanspS.E.M. of three to five independent experiments, in each of which cell sampling was done in triplicate. Comparisons were performed by using Student's t test ; P 0.05 was considered significant.
RESULTS
PC synthesis in MDCK cells grown on a solid support
Growing MDCK cells on plastic dishes in the presence of [$H]choline resulted in a time-dependent incorporation of choline into lipids and water-soluble compounds ( Figure 1 ). After 3 h of incubation, 1944 pmol of choline\mg of protein had been incorporated into the lipophilic fraction. PC accounted for 85 % of the labelled lipid species, whereas sphingomyelin and lyso-PC accounted for 11.5 % and 3.5 % of the total respectively. The corresponding amount of choline and its metabolites in watersoluble compounds was 933 pmol\mg of protein, with phosphocholine (P-Chol), the first intermediate in the CDP pathway, representing 75 % of total water-soluble compounds. CDPcholine, glycerophosphocholine (GPC), a product of PC metabolism, and choline accounted for 5p2 %, 10p2% and 8p2 % respectively of the water-soluble radioactivity. In accordance with the literature [18] , most of the label (75p0.1 %) was recovered in the lipophilic phase after 36 h of incubation with radiolabelled choline. These results confirm that, as in other renal cells [2] , PC biosynthesis in MDCK cells occurs via the CDP pathway with choline as a precursor
PC synthesis in MDCK cells grown on a permeant support
Although present at the apical domain of MDCK cells grown on dishes, the specific choline carrier becomes preferentially localized at the basolateral domain of cells grown on a permeant support 
Figure 1 Choline incorporation into phospholipids and water-soluble compounds by MDCK cells grown on dishes
Figure 2 Choline incorporation into phospholipids and water-soluble compounds by MDCK cells grown on filters
Incorporation of radiolabelled choline (2 µCi/ml) from the apical ( 14 C; , #) and from the basolateral ( 3 H; , $) side of the filters was measured as a function of time in total lipid (#, $) and water-soluble ( , ) extracts. Data were corrected as in Table 1 , and are meanspS.E.M. of three independent experiments. [13] . MDCK cells were grown as a monolayer on filters and were incubated in the presence of radiolabelled choline in order to study the relationships between the uptake sites and the incorporation of choline. showed that, even with a favourable apical to basolateral gradient, choline incorporation from the apical side was much lower than that from the basolateral side of the cells (Table 1) . Moreover the ratio of hydrophobic to watersoluble compounds was higher for the label added at the basolateral side than for that added at the apical side.
In experiments with shorter incubation times (Figure 2) , 
Relationship between choline uptake and PC biosynthesis
Choline enters MDCK cells using at least two different mechanisms : a transport system specific for choline (apparent K m l 43 mM) which is sodium-independent, and a non-specific system [13] . In accordance with our previous data concerning cells grown on filters, total [$H]choline uptake from the apical side was about 10 times lower than that from the basolateral side (1098p98 versus 11507p198 c.p.m.\5 min). Non-specific transport accounted for 78 % of the choline that entered the cells through the apical membrane, compared with only 11 % when radiolabelled choline was added at the basolateral side of the filters (Table 2) . Thus choline enters MDCK cells essentially via the non-specific system at the apical side and via its specific carrier-mediated process at the basolateral side. The relationship between choline uptake and PC biosynthesis was examined in double-labelling experiments. [$H]Choline taken up from the basolateral side of the cells was rapidly phosphorylated to P-Chol (Table 3 ). The P-Chol\choline ratio was close to unity after a 15 min incubation and rose to a value of 9, comparable with that obtained in cells grown on plastic dishes, after 3 h. The formation of labelled P-Chol was much slower and markedly decreased for ["%C]choline added to the apical side of filters (Table 3 ). Addition to the basolateral medium of HC-3, an inhibitor of the specific choline transport system in MDCK cells, inhibited up to 66 % of both uptake [13] and incorporation of [$H]choline into lipids (57p2.6 % and 61p6.5 % for 1 and 3 h of incubation respectively) and water-soluble compounds (66p 2.9 % and 51p4.6 % for 1 and 3 h of incubation respectively). Double-labelling experiments indicated that only the basolateral 
Table 5 Choline release from MDCK cells grown on filters
Cells were pulsed for 30 min with radiolabelled choline (2 µCi/ml) added at either the apical or the basolateral side of the filter. Total cell labelling from apical and basolateral incorporation after the pulse period was 3217p72 c.p.m. and 29028p725 c.p.m. respectively. Then, cells were chased for 30 min with fresh medium as described in the Experimental section. Choline release is expressed as a percentage of total radiolabelled choline incorporated from the apical or the basolateral side of the culture. The data represent meanspS.E.M. of three independent experiments.
Choline release (% of total incorporated) choline incorporation into lipids and water-soluble compounds was affected by HC-3 addition (Table 4) .
Choline release from MDCK cells grown on filters
To further determine the fate of intracellular water-soluble compounds, cells were pulsed with [$H]choline (2 µCi\ml) for 30 min, then chased with fresh growth medium. In this series of experiments total cell labelling from apical and basolateral incorporation after the pulse period was 3217p72 c.p.m. and 29028p725 c.p.m. respectively (Table 5 ). The release of labelled compounds was completed within 30 min. No radioactivity other than choline was detected in the medium from a 30 min chase. The total release of choline was significantly higher from apicalside-pulsed cells than from basolateral-side-pulsed cells (Table  5) . Furthermore, choline efflux from apical-side-pulsed cells occurred at both the apical and the basolateral side of the monolayer. This contrasted with the situation found for basolateral-side-pulsed cells, where the relative amount of choline released into the apical medium was very low (Table 5) .
DISCUSSION
The present experiments demonstrate that PC biosynthesis occurs preferentially at the basolateral side of MDCK cells grown on filters, and that specific choline transport and choline metabolism through the CDP pathway are tightly connected. They further suggest that the sodium-independent choline carrier present in MDCK cells may be the first component of a metabolon linking choline uptake to PC biosynthesis via the CDP pathway.
Synthesis of PC via the CDP pathway in MDCK cells
Labelled choline taken up by MDCK cells grown on dishes was rapidly incorporated into the intermediates of the CDP pathway, i.e. P-Chol and CDP-choline. Choline taken up from the basolateral side of MDCK cells grown on filters was also rapidly metabolized to P-Chol. A comparable time-dependent situation, with the amount of labelled P-Chol higher than that of choline and in large excess over CDP-choline, has been reported for various cells [19] [20] [21] , including BHK cells [22] . P-Chol constitutes a relatively stable pool and the formation of PC occurs as a rather delayed process [23] . The rate-limiting conversion of P-Chol into CDP-choline and the rapid conversion of CDP-choline into PC [24] [25] [26] are in accordance with the high degree of P-Chol labelling and the low degree of CDP-choline labelling that we observed. Considering the time course for PC synthesis, P-Chol formation via either the action of a phospholipase C, active in the kidney medulla [27] , or the degradation of GPC [28, 29] was unlikely to account for the high level of labelled P-Chol measured during the first 2 h of incubation. GPC radiolabelling in MDCK cells was in accordance with evidence that kidney cells possess the ability to synthesize GPC from choline via PC and lyso-PC [30] . It has been reported that, after 1 h of incubation, inner medullary collecting duct (IMCD) cells in suspension incorporated 90 % of labelled choline in PC and 7 % in GPC [30] . This suggests that PC synthesis and metabolism are slower processes in MDCK cells than in IMCD cells.
Channelling of PC synthesis in MDCK cells
Whereas cells grown on dishes readily incorporated choline into the intermediates of the CDP pathway and into phospholipids, labelled choline provided at the apical side of cells grown on filters was poorly incorporated into cellular PC, even after 36 h of incubation. Thus, despite an apical total choline uptake that was significantly higher (750 versus 282 pmol\5 min per mg of protein), the amount of choline incorporated from the apical side into PC precursors was about 20 times lower in filter-grown cells than in cells grown on dishes. In contrast to cells grown on dishes, however, choline enters the apical side of cells grown on filters essentially via a non-specific mechanism that is not sensitive to HC-3 [13] . On the other hand, for cells on filters the amount of choline incorporated into metabolites (in pmol\mg of protein) was 30-fold higher from the basolateral side than from the apical side. In cells grown on filters the specific choline carrier, which is HC-3 sensitive, is preferentially located on the basolateral membrane domain [13] , and the basolateral choline uptake (about 10 times the apical uptake) essentially occurs through it. These data strongly suggest the existence of a tight connection between specific choline transport and PC synthesis in MDCK cells.
A decrease in the specific radioactivity of choline entering from the apical side caused by the large influx of choline from the basolateral side might also have decreased, and delayed, the incorporation of the apical radiolabel into the successive intermediates of the CDP pathway. This possible explanation for the low incorporation of apical choline in cells grown on filters was ruled out by the results of experiments with HC-3. HC-3 significantly decreased both the uptake of [$H]choline and its incorporation into PC from the basolateral side, but had no effect on "%C incorporation from the apical side of the cells. This absence of an effect on apical "%C incorporation further indicated that HC-3 was not acting through an inhibition of choline kinase. Moreover, the difference between the apical and basolateral incorporation of choline into PC was observed even in the presence of a favourable upper to lower chamber choline concentration gradient.
Using intact and electropermeabilized glial cells, George et al. [6] have reported that the precursors of PC synthesis are not freely diffusible, with the individual steps of the CDP pathway being functionally linked. In these cells, specific choline transport is coupled to channelled phospholipid synthesis. The parallel between the localization of the specific choline carrier and the metabolism of choline, the inhibition by HC-3, and the observation that choline which enters the apical side of cells grown on filters, essentially via a non-specific mechanism, is poorly incorporated into the CDP pathway, suggest that channelling of choline from its specific carrier to PC synthesis may also occur in MDCK cells. In accordance with this hypothesis, the existence of intracellular pools of choline in MDCK cells was demonstrated by the fact that choline entering from the basolateral side was poorly mixed with choline entering from the apical side : choline efflux from cells loaded from the basolateral side occurred from the same compartment, whereas more than one-third of the choline loaded from the apical side was released into the basolateral bath. It is noteworthy that the existence of different pools of intracellular choline was previously reported in rat liver [31] and heart [32] . It has also been suggested that, in BHK cells, the phosphorylation of choline occurs when it is transported into the cells, with the cellular choline pool not being involved in PC synthesis [22] . In conclusion, as a result of their ability to change the localization\activity of their specific choline transport system from the apical to the basolateral membrane domain with changing culture conditions, MDCK cells could provide a convenient model for further studies on choline channelling to PC biosynthesis.
